Introduction
Scaffolds are three-dimensional (3D) biomaterials which guide cells growth and activities, the synthesis of biological molecules particularly the extracellular matrix (ECM), and to facilitate the formation of functional tissues and organs [1] [2] [3] . From biological perspective, advanced biomaterials used in the fabrication of scaffolds must possess excellent biocompatibility, biodegradability as well as the ability to provide necessary physical and chemical cues to guide cell attachment, proliferation and differentiation 4, 5 . This will subsequently lead to the formation of 3D tissues.
However, initially most biological reactions occur at the surfaces and interfaces 6, 7 .
Among various biomaterials which have been investigated in the biomedical field, Poly (lactic acid), PLA is one of the synthetic polymers that has been widely used as a substrate material to support the regeneration of tissues and organs, including bone and articular cartilage 7, 8 . PLA is non-toxic, induces low levels of immunogenic reaction, has easily tailored mechanical properties as well as predictable degradation rates 9 . However, applications of PLA in the biomedical field have been hindered by its hydrophobicity and lack of cell recognition, poor cell adhesion and proliferation 10, 11 .
As tissue engineering (TE) scaffolds interact with the biological environment via their surface, modification on the outermost surface of the materials is considered as an effective approach 12, 13 . The main aim in surface modification of a polymer substrate is to provide a surface with reactive groups such as -OH, -NH2 and -COOH to permit binding with biomolecules 9 . To further enhance the surface properties, surface modification could be followed by a layer-by-layer (LBL) coating also known as Polyelectrolyte Multilayer (PEM) assembly 7, 14 . LBL is a promising technique to modify surfaces in a controlled manner and has been employed in the fabrication of different reservoir/barrier architecture containing biomolecules, biosensors and nonlinear optical devices, due to its simplicity and versatility 14, 15 . This technique permits the construction of multilayer films simply by alternating deposition of oppositely charged polyions 16, 17 . An ideal bone scaffold, designed to enhance bone formation, should closely mimic the naturally occurring environment in the bone matrix, which is composed of hydroxyapatite (HA) crystals, collagen type I and proteoglycans. These biomacromolecules can then form physical or chemical crosslinked networks, which regulate the expression of osteoblastic phenotype and supports ostegenesis in vitro and in vivo 18, 19 . Therefore, many natural ECM-like biomacromolecules have been integrated into 3D scaffolds for bone regeneration. To achieve this, LBL seems as an attractive fabrication technique as it allows defined deposition of biomolecular polyelectrolytes on the substrates, which mimic the natural formation of the biological world that is built-up via precise self-assembly [19] [20] [21] .
Herein, we describe a newly develop ECM-like coating materials assembly onto the biodegradable PLA by aminolysis surface modification followed by PEMs assembly.
The rationale behind the selection of silicon-carbonated HA (SiCHA), hyaluronic acid and collagen type I as the building blocks of the coating materials used was to generally replicate the natural bone ECM biomacromolecules ( Fig. 1 ). SiCHA nanopowders were used as the major inorganic component to closely mimic bone mineral composition as bone typically consists of Ca10(PO4)6(OH)2 with 2-8wt% carbonate and <1wt% Si [22] [23] [24] . On the other hand, Hyaluronic acid (Hya) is a major component in ECM and synovial fluid. It is one of the polyanions which has been widely used in PEMs assembly 20, 25 . Collagen type I (Coll I) is also an important ECM component and is positively charged below the isoelectric point, which allows it to be used as a polycation 7 . In this study, the bilayers were finally cross-linked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrocholoride and Nhydroxysulfosuccinimide sodium salt (EDC/NHS) so as to maximize the coating materials deposition. PLA films were coated with different deposition cycles to investigate the most favourable growth environment for cell-material interaction in order to fabricate ECM-based films or scaffolds for bone tissue engineering (BTE) applications.
Materials and Methods

Fabrication of PLA films
PLA resin (NatureWorks® LLC, United States) was dissolved in 1, 4 Dioxane (Sigma-Aldrich, United Kingdom) (30 mg/mL) at 70°C for three hours using a magnetic stirrer to obtain a homogenously dissolved solution. The viscous translucent solution was carefully cast into a glass petri dish, so as to prevent any bubble formation. The glass culture dish was then covered with parafilm, with small pores created on the top of the parafilm to permit slow evaporation of the solvent, and left in a fume cupboard overnight. This produced a PLA film of 5 μm thickness. The film was removed from the petri dish and cut into 1 mm squares.
Surface modification of PLA films
The surface of the PLA films was modified by introducing amino functional groups through aminolysis. The mechanisms involved in aminolysis on PLA films is demonstrated Fig. 2 solution (PEI; Sigma-Aldrich, United Kingdom) at pH 7.4 and stirred for 3 hours at 40°C followed by washing thoroughly in large amounts of distilled water for 15 minutes before being left to dry overnight.
Preparation of SiCHA nanopowders
The SiCHA nanopowders were synthesised by nanoemulsion method at room temperature using analytical grade Ca(NO3)2.4H2O, (NH4)2HPO4, NH4HCO3 and Si(CH3COO)4. All reagents were purchased from Sigma-Aldrich, United Kingdom.
The amounts of carbonate, CO (x) and silicate, SiO (y) substituted into the apatite structure were calculated based from the following stoichiometry empirical formula;
where x= 2.0 and y= 0.3 moles. The synthesised nanopowders were then calcined at 500°C in air atmosphere with a heating rate of 10°C /min and at least one hour soaking time. 
Build-up of the polyelectrolyte multi-layered films (PEMs)
The PEMs technique was developed from that previously described by Zhao et al. 7 to include substituted hydroxyapatite nanopowders. The polyelectrolytes were first prepared:
(i) 0.5 g of SiCHA nanopowders (average size = 100.12 ± 70.86 nm) were dispersed in hyaluronic acid solution (Lifecore Biomedical, United States) at concentration of 1.0 mg/mL and this served as the polyanion solution.
(ii) the polycation solution was prepared by dispersing 1.0 g of the SiCHA nanopowders in 2.0 mg/mL collagen type I (high concentration rat tails; BD Bioscience, United Kingdom).
(iii) A coupling agent consisted of 3 mg/mL EDC mixed with 5 mg/mL NHS solutions was used to cross-link the PEMs assembly.
All the solutions prepared were adjusted to pH 5.0. The modified PLA films were firstly immersed into the polyanion solution for 15 minutes followed by rinsing in ultrapure water (pH 5.0). After washing, the films were immersed into the polycation solution for 15 minutes. The films were then washed again in fresh ultrapure water (pH 5.0). EDC/NHS solution was then introduced at the final step at the outermost layer followed by washing in ultrapure water. 1, 3, 5 and 10 bilayer coatings were applied, by repeating the steps above (Fig. 2b ). The coated films were then dried at room temperature overnight.
Physico-chemical Characterization
Analysis of Surface Composition
XPS is an exceptionally sensitive tool to investigate the chemical elements constituting the outermost layer of a surface approximately up to 200 Å. The films were analysed using K-Alpha™ + XPS Instrument (Thermo Scientific, United States).
The relative atomic concentrations were determined from the C1s, O1s, Ca2p, P2p, N1s, and Si2p at binding energy (BE) of 288.9, 533.0, 349.0, 135.0, 400.0, and 101.0, respectively using the built-in CasaXPS software. In order to detect the BE representing the chemical binding states of the each elements within the films, the XPS spectra for the chemical elements detected from the films were subjected to peak deconvolution using a peak analysis program 7, [25] [26] [27] .
Analysis of Surface Topography
The surface topography of the PLA films before and after coating with different number of bilayers was observed using an atomic force microscope (AFM) in tapping mode using BioScope Catalyst AFM (Bruker, Germany) with ScanAsyst Adaptive
Mode at ambient condition. The PLA films were imaged using an RTESPA tip of spring constant 4 N/m, 896 scans/lines, 0.32 Hz scan rates, and 1.102 V amplitude 28 .
The scan area was a 1 mm square. At least 3 samples were imaged to calculate the surface roughness for both whole and localised areas of the films. The term "whole area" refers to the entire scan area of 1 mm 2 ; "localised area", means spot areas of 1 nm 2 within the "whole area".
Quantification of calcium and collagen distributions
Calcium is chelated by alizarin red S (ARS) in aqueous solution, forming a complex which can subsequently dissociated. A 1 w/v% solution of ARS in dH2O was prepared and adjusted to pH 10.0 using ammonium hydroxide. 1 mL of ARS aqueous solution was added on the surface of the 1 mm square PLA films placed in a 24 well culture plate and allowed to incubate for 10 minutes. The unbound calcium stain was carefully removed in several changes of dH2O followed by drying and immediately imaged using a bright field microscope AMG-EVOS X1 CORE with a magnification of 4X. To further quantify the calcium deposition, 1 mL of 2 w/v% cetylpyridinium chloride monohydrate was then added directly to the relevant wells. The absorbance of the resulting solution was measured at 562 nm.
The qualitative distribution of collagen type I (Coll I) on multi-layered PLA films were examined by staining using Sirius Red (SR) solutions. Samples (n=3) were imaged using a bright field microscope AMG-EVOS x1 CORE with a magnification of 4X. The colorimetric ninhydrin method was used to further quantify the multilayered Coll I content. The PLA film was placed in 1 mL of 6 M HCl and 4 mL of Phosphate Buffered Saline (PBS) solution and heated at 120°C under a nitrogen atmosphere for 6 hours to hydrolyze the collagen to amino acids. After the centrifugation of the resultant solution, 1 mL of the supernatant was neutralized with 1 M NaOH followed by the addition of ninhydrin reagent solution (Sigma-Aldrich, United Kingdom). The solution was boiled for 15 min to ensure complete colour development and then cooled to room temperature. After adding 5 ml of 50% ethanol, the absorbance at 570 nm was measured by using a UV spectrophotometer (UV-1601, Shimadzu). Collagen content was determined using a standard calibration curve from known amounts of collagen while subtracting the contribution from the aminolysed PLA film.
hMSCs culture and seeding on multi-layered PLA films
Human bone marrow derived-mesenchymal stem cells ( For each time-point, cells/multi-layered PLA films were rinsed with PBS, trypsinized, washed again with PBS and finally lysed in 1 mL of dH2O followed by being frozen at -80°C. After three cycles of freeze/thaw, the samples were ready for the cytotoxicity assessment.
Cell viability
Cell viability was observed using a Confocal Laser Scanning Microscope (CLSM;
Olympus Fluoview FV 1200 with Fluoview Version 4.1 software; Olympus, UK).
The viability of the cells was assessed at 7 and 14 days using the Live/Dead Assay Kit 
Cell proliferation
The Quant-iT TM Picogreen® dsDNA assay kit (Invitrogen, United Kingdom) was used 
Osteogenic differentiation
Alkaline phosphatase (ALP) activity was used to infer early osteogenic To terminate the reaction, 100 µL of 1XTE was added and the fluorescence reading of the fluorescence was taken at 360/440 nm (excitation/emission).
Statistical analysis
Quantitative data were presented as means ± standard deviation (SD). Data were initially tested for normality using the Kolmogorov-Smirnov test, with DallalWilkinson-Lillie for corrected P value. A two-way ANOVA with multiple comparisons Tukey test were performed to optimize the number of multilayer depositions on the PLA films. Statistical significance was considered for p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and p≤ 0.0001 (****). All statistical analyses were performed using GraphPad Prism 7 software. For bioassays, tests were performed on n=3 in duplicates.
Results
Surface characterization
For unmodified PLA (0-BL), only two main peaks appeared in the XPS spectra ( Fig.   3a) , representing the elements of carbon (C1s) and oxygen (O1s), which were detected at binding energies of 288.9 and 533.0 eV. After surface modification (0-BL*), an additional elemental peak for nitrogen (N1s) was detected at 400.0 eV (Fig.   3b ). After coating (Fig. 2b) , a new calcium peak emerged (Fig. 3c-f) . The typical peak of P2p and Si2p at binding energies of 135.0 and 101.0 eV, were not clearly evident on the XPS scan spectra but detected by using the CasaXPS software. With increasing number of bilayers coating on the substrates, the intensity of the nitrogen (N1s) peak proportionally increased till it reached a maximum at 5-BL.
The atomic percentage of the control PLA (0-BL) and coated PLA with 1-, 3-, 5-and 10-BL obtained from the XPS survey spectra are shown in Table 1 . The carbon content of the PLA film reduced from 77.7 at% (0-BL) to 74.6 at% (0-BL*).
However, no significant differences were detected in the C1s and O1s contents of the (Fig. 4b) . The trends obtained were well correlated with the aforementioned surface compositions and surface roughness analyses.
In vitro biocompatibility assessments
The viability of hMSCs seeded on different deposition cycles of the multi-layered PLA films was observed after 7 and 14 days of culture (Fig. 5) . CLSM images demonstrated that cells were homogenously distributed on the surface of all coated PLA films. However, the cell density appeared to be less confluent on unmodified, control PLA films (0-BL), relative to their coated counterparts.
The extent of cell proliferation was estimated by DNA quantification (Fig. 6a) .
Overall, the deposition of the innovative coating materials assembly on the PLA films resulted in increased cell proliferation over the culture period (p ≤ 0.0001) and differed between the coated films (p ≤ 0.0001). There was a significant interaction between time and coated film (p ≤ 0.05) suggesting that the increase in DNA concentration over time differed between coated films. Overall, the highest DNA contents were obtained by culturing hMSCs in direct contact with 5-BL coated films compared to all tested films (non-coated and coated films) on day 7 and day 14 (p ≤ 0.0001).
The early osteogenic differentiation of the hMSCs cultured on the control (unmodified) and coated PLA films was assessed by measuring their ALP activity after culturing for 7 and 14 days in basal media. The ALP activity shown in Fig. 6b represented the values of ALP normalised to DNA concentration. Regardless of the number of deposition cycles on the PLA films, significantly higher levels of mean ALP activity were obtained when hMSCs were cultured on the coated films than the control on day 7 and day 14 (p ≤ 0.0001). hMSCs cultured on 5-BL coated films exhibited the highest levels of mean ALP activity on day 7 and 14 (p ≤ 0.0001) as compared to all other tested films.
Discussion
Surface properties of a biomaterial such as topography, chemical composition and hydrophilicity can regulate cell-material interactions 8, 29, 30 . These properties greatly influence the viability and functional activity of anchorage-dependent cells such as hMSCs and osteoblasts. In this study, the surface properties of the hydrophobic PLA films were improved, which subsequently enhanced cell biocompatibility in direct contact with the substrates. The extracellular matrix components HA-based materials and collagen type I have been successfully deposited onto the aminolysed PLA films using PEMs technique.
XPS analysis confirmed that PLA films were effectively modified by aminolysis process, as identified by the presence of N1s peak. Increasing number of layers means more collagen deposited on the surface, which is associated with the increase of amino acid residues on the surface 31 . As a consequence, the intensity of N1s peak appeared higher on the coated PLA films with increasing deposition cycles compared to the aminolysed PLA films. The introduction of amino functional groups through aminolysis provides a positive charge on the surface, which allows the alternate absorption of polyanion (SiCHA in hyaluronan) followed by polycation (SiCHA in Collagen type I) solutions. The introduction of the coating materials assembly induces a rougher surface area and provides recognition sites (i.e. from collagen) for better cell attachment on the films compared to the unmodified PLA films. 5-BL coated films possessed the highest surface roughness of all the groups tested. However, after 5 deposition cycles, there was a small drop in the surface roughness of the 10-BL coated films. This result was consistent with the findings reported in the literature 14 .
Subsequent deposition of polyelectrolytes serves to fill voids and defects present in previous layers of the coating, effectively creating a smoother surface 32 . It is also believed that after finite n-layers deposition (which varies depending on the materials poor cell recognizable and hydrophobic substrates such as PLA [34] [35] [36] . Currently, much effort is being devoted to engineer the surfaces of biomaterials to achieve the required biologic responses since substrate physiochemical features have a significance impact on the protein absorption and its functional activity, subsequently determining cell fate 37 . Among the most investigated coating materials to improve the surface properties of PLA substrate are poly(styrene sulfonate sodium salt), chitosan, hyaluronic acid and collagen type I 7, 14, 35, 38 . In this investigation, we were able to develop new coating materials consisting of silicon-carbonated doped hydroxyapatite (SiCHA) nanopowders dispersed in hyaluronic acid and collagen type I. This newly developed coating materials assembly showed no toxicity effects after 14 days with more viable cells were found on the coated PLA films than the control PLA films (unmodified). A similar observation was reported in literature where upon culturing MG63 osteoblast-like cells on collagen-nano HA scaffolds and collagen scaffolds.
These results confirmed that the coating materials invented are biocompatible and lead to better cell viability 39 .
Among the bilayer components, collagen is known to contain an adhesion sequence (RGD), which favours cell attachment and proliferation [40] [41] [42] [43] . Regardless of the deposition cycles, all coated PLA films encouraged more rapid cell proliferation.
Consistent with the hMSCs viability and proliferation, the coated PLA films exhibited an encouraging improvement in osteogenic activity relative to the unmodified films.
This indicated that the coating materials assembly is not only biocompatible but both osteoconductive and osteoinductive as they provide a suitable basis that could accelerate matrix-mediated intracellular signalling related to osteoblastic activity 27 .
Moreover, this result demonstrated the efficacy of the SiCHA nanopowders on the surface, which not only improved cell adhesion by providing rougher surface but also enriched the osteoblastic phenotype expression level. This explained our observation that the highest cell proliferation level and ALP activity was obtained on the coated PLA films and in particular 5-BL, which have the roughest surface and greatest presentation of the coating materials as compared to the other tested films. Several studies have demonstrated that calcium ions (a major component of HA) are directly involved in boosting the proliferation and osteoblast cell type phenotype expression through membrane-mediated ion transfer, which is a possible explanation for the results observe in this study 39, 44, 45 . This highlighted the benefits of having both collagen type I and HA-based materials as major components in fabricating a hybrid scaffold with the aim to enhance bone formation.
From the results presented here, we can confirmed that the novel coating materials assembly established in this work is an effective approach to mimic native bone ECM in order to facilitate cell-material interactions and enhance cell functions such as cell viability, proliferation and differentiation of hMSCs, leading to a beneficial advancement for bone tissue engineering applications. Minimum manufacturing consumption with maximum performances is always the goal in large-scale manufacture. We can summarize here that 5-BL fulfills this requirement, as increasing the number of deposition layers beyond 5 gave no improvement on the performance of the coating material.
Conclusions
The Table 1   Table 2 Figure Captions Quantitative data shown optimum amount of calcium and collagen were shown by 5-BL coated films (n= 3). Scale bar=50 μm. 
